Shock pressure of tsunami bore on a wall-shaped gate is investigated on the basis of an assumption that a surge caused by a dam-breaking can be made to simulate to a tsunami surge in front of the gate in an estuary. Cross-Cumberbatch's theory of shock pressure of surge on a vertical wall is modified and compared with the results of experiment to assure the tip profile of the surge and to estimate the intensity of the maximum shock pressure on the gate.
Introduction
This study treats a problem to estimate exactly the shock pressure of tsunami bore or surge on a wall-shaped gate, in order to establish a criterion in construction of such a gate at a river mouth and a coast. The study is refered to an assumption of similarity between a surge caused by a dam-breaking and a tsumami surge near a river mouth or a beach.
Cross has applied Cumberbatch's theory of shock pressure of a wedge of water mass on a vertical wall to the estimation of the shock pressure of surge impinging on a wall. The authors have rechecked Cross' theory to modify it for the estimation of the shock pressure and considered a problem of reflection of surge in front of a wall, taking into account of an effect of water depth near the wall.
Experiment for Shock Pressure of Surge
The authors carried out an experiment for measuring the shock pressure of the surge impinging on a wall-shaped gate. Surges were generated by a similar manner which had been used previously by the authorsI),2). A schematic figure in Fig. I shows arrangement and experimental conditions used. The wall-shaped gates used in this experiment are vertical and made of acrylite. The two of these gates are composite walls as shown in Fig. 2 . Six pressure gauges were installed on the face of the wall-shaped gate, as seen in the figure, in order to find the relation between the characteristics of the surge and the shock pressure. Initial water depths were set 0.5, 0.4 and 0.3 m, which are shown by the notation ho in Fig. 1 . The bed of water tank used for the experiment had been kept horizontal.
An example of shock pressure patterns by a surge on the wall-shaped gate model GA is shown in Fig. 3 , in which the first column indicates the number of station where the shock pressure was recorded, the second the elevation of station from the bed in cm, the third the equivalent water depth for the initial shock pressure p,,, the fourth the saddle pressure p, and the fifth the height from the station to the top of the gate.
The experimental condition in the case of Fig. 3(a) is that the surge was intense and large enough to overflow the gate. In the case of Fig. 3(b) , the surge did not overflow the gate and caused shock pressure at only the lower part of the gate. It may be seen from the figure that most part of the total pressure on the gate is hydrostatic pressure, after the surge reflected and the water began to overflow the gate. As seen in Fig. 3 , however, the value of p,/pg generally exceeds the head of hydrostatic pressure h,.
Profiles of Surge Tip
There have been many studies of bore or surge as well as run-up of waves on a slope. Some of these studies have been successfully applied by the method of characteristics. In the other studies, Cross, for example, has developed a theoretical approach to determine the tip form of surge on a dry bed. Concerning with the problem of hydraulic bore, various studies have been carried out since Ritter established a theory of dam-breaking functionl),4).
Using a Cartesian co-ordinate as shown in Fig. 1 , the solution of dam-breaking function by Ritter can be written as; 2 x u=-3(-t-gh,), h=-91 g(2./gh, -ac):
(
where u and h are the current velocity and the water depth at the time t and at the location x respectively. One of main problems in such a study is to find the tip profile of surge, as shown in Fig. 1 , by taking into account of the effect of bottom friction. The relationship of Eq. (I) is shown in Fig. 4 to compare it with the experimental results of the tip profile. It may be seen from this that the tip of the surge is affected by the effect of bottom friction as well as that of internal turbulence and that the tip of the surge becomes more concave upwards when the surge is smaller.
If there is not any friction on the bed, the velocity at the tip of the surge can be found by Eq. (1) for the given values of x, t and h0. When R=g/C2=0, u/,,igho =2, where C is Chezy's constant. If the friction on the bed is taken into account, on the other hand, the velocity should be given as a function of the friction factor. In According to Cross' theory3) based on the assumption that the accerelation of the surge is constant, the profile of the surge can be written as
where x' is the distance from the tip of the surge. Using the water depth ho to define the reference velocity of the surge as the form of u0=,1 gho, the tip profile of the surge in demensionless form can l/be o)(btained)instead of Eq. (2) as
Eq. (3) is compared with the result of experiment as shown in Fig. 6 . The chain lines in the figure are obtained by Cross' theory for 0/C21/0=6 x 10-3, 4.5 x 10-3, 3 x 10-3 and 1.5 x 10-3 respectively, which are obtained using the observed values of uo and the estimated value of Che'zy's constant. The full lines in Fig. 6 are the result of the experiment for the equivalent parameter of k=2(g/C2)(u/u0)2=5.4 x 10-3, 5.9 x 0-3 and 7.1 x 10-3 respectively. At the tip of the surge, the result of experiment agrees well with the relationship of Cross' theory, but the theoretical tail form of surge tends to depart from the experimental result. A reason for this may be due to the effect of non-linear surge motion which is neglected in the theory. Now, let us consider a problem of suge or bore running on a flat bed. It is wellknown that the reflection of bore by a wall can be analyzed theoretically by Stoker's theory. By the use of the notations shown in Fig. 8 , the relation between hl/ho, h2/ho and /12/h1 can be calculated by Stoker's theory, as shown in Fig. 7 . Formerly Ishihara and others applied the theory to breakers of periodic waves, which are reflected by a vertical wall, with a good agreement in comparison with their experimental result.
Defining the wave hieght as Hi=hi-ho, H2=h2-ho and H21=h2-h1, the values can be determined using the water depths of ho, hi and ho in Fig. 7 . Numerical examples in the case where H1=20 m are tabulated as shown in Fig. 8 . This If this relation is applicable to such tsunami problems, this suggests that it is preferable to construct the wall as far from the coast as possible in order to reflect perfectly the tsunami bore and to protect the coastal area. Generally the location of the wall should be determined on the basis of various knowledges such as the possibility of practice, topography, geological condition, activity of residents, economical problem and so on.
The situation where the coastal area is to be utilized constructing the wall with an opening off the coast is prefered. This leads to the construction of tsunami breakwaters at a bay mouth or off the coast. When there is difficulty in construction of breadwaters, the sea wall and wall-shaped gate should be prefered as countermeasures to prevent coastal disasters from tsunami inundation.
Shock Pressure of Surge on Wall-Shaped Gate
As far as refering to the theory and experiment on hydraulic bores and surges, the pressure acting on a wall can be classified into two parts; the first is the dynamical shock pressure of surge on a structure as seen in Cross' study and the second the hydrodynamic pressure on the structure. It is necessary, of course, to make clear which is active, the shock pressure or the hydrodynamic pressure and to consider the duration of shock pressure in the former case. In this section, a modification of Cross' theory of the shock pressure on a wall is described based on Cross' study. a) Cumberbatch's theory Characteristics of shock pressure of surge on a wall-shaped gate are treated refering to Cumberbatch's theory as developed by Cross3), though there has been an approach to study the shock pressure of surge by the method of dimensional analysiss).
Cumberbatch9). developed a theory on the shock pressure of wedge-shaped water mass impinging on a vertical wall, using a schematic model of impinging wedge as shown in Fig. 9 . He assumed that the impinging wedge proceeds without change of the form before the tip of the wedge reaches the wall and the effect of gravitational force acting on the wedge is ignored. According to the theory, an approximate expression of the shock pressure by the impinging wedge on the wall can be written as with a definition that to=a0x01,Igho, where to is the time that the surge needs to travel the distance xo from the source to the wall-shaped gate. According to both Eq. (5) and the theoretical result that the coefficient Ca in Eq. (4) is a function of the slope of water surface, the maximum shock pressure at z=0 is written as 1 proax-12 pu 2Rho/x0)=-2-pu2f2(tan 0).
The slope of the surge tip which is assumed to be an equivalent water wedge, is expressed by Cross' theory as 1(1/.0)2(1g (7) ax' o,J2x' )ao AC21
A practice to determine the value of tan 9 is to observe the tip profile of surge near the wall-shaped gate as an equivalent water wedge and to estimate the values that ho/x1=3 to 5, ap=0.6 to 0.8 and gIC2-160. The theoretical relationship by Cumberbatch gives 1.1 to 1.2 for the value of Cp. The maximum shock pressure of the surge is affected intensively by the slope of the water surface as mentioned above. The relation between C" and tan 9 by equating approximately the value of tan 9 to (ahiax•)0 can be shown in Fig. 12 . The theoretical curve is given for the condition that ao=t,tgholx0-1 as shown in Fig. 12 where the dots and circles indicate the results of experiment. The values
cu./n.)0 Fig. 12 Profile of the surge tip and the peak value of shock pressure of the surge at wall gate shown by dots were obtained from the slope at the distance 2 cm from the concave surge tip and the averaged velocity of the surge tip, and the circles also from the slope at the distance of 10 cm from the sharp surge tip and the maximum velocity of the surge tip. c) Hydrostatic pressure of reflected surge on wall-shaped gate As is found in Fig. 7 , the value of hijho determines the water depth of crest height above the bed h2. When the value of h2 takes a very large one, as in the case of (a) of the figure, the hydrostatic pressure for the water depth of h2 should be taken into account of estimating the maximum pressure on the gate as well as the dynamic shock pressure.
Exactly speaking, additional conditions should be given for the problem of shock pressure caused by periodic waves or tsunamis. An approximate evaluation will give whether the maximum pressure on the wall-shaped gate mainly consists of the shock pressure of the impinging surge or the hydrostatic pressure of the reflected surge. Variations in the shock and the hydrostatic pressure are shown in Fig. 13 for comparison with the theoretical curves for the three gate models described already. In the figure, the solid lines indicate the maximum shock pressure on the gate computed refering to Cross-Cumberbatch's theory, the dots are the maximum shock pressure estimated using the values of the approximate total force of surge on the gate which are calculated by the use of Eq. (4) and the value of zw=h,,,(1) determined from Cumberbatch's theory, and the circles are determined by the same manner as that for the dots, but the value of it, is used instead of h," In this case the values of h, and the maximum height of the water surface at the gate were estimated from the frames of 16 mm tine-photographs recorded.
In the modification of Cross-Cumberbauch's thory described already, several assumptions are introduced; I) the surge front keeps a constant form at any time,
• Pmax ro.,(3/2)P(t)/h)t) P/ft
•O 0;pas (3/2)P(t)/hp(t) 40 2) the velocity of surge is constant and 3) the slope of water surface of the surge can be determined as that of the water surface at the distance where x'=ut, and the value of angle of the surge is obtained from the slope of the water surface to fit the experimental result to Cross-Cumberbatch's theory. It can be expected that the experimental results agree well with the theoretical ones within the initial range of less than the period of 0.1 sec. While the period of 0.1 sec after impinging of surge to the gate, the gravitational force acting on the surge seems to be negligible as in Cumberbatch's theory. Since the gravity effect makes the other motion of water mass after the time elapse of about 0.1 sec, the value of h" generally exceeds that of p",a,/pg. When the value of hp exceeds the crown height of gate, the running water begins to overflow the gate. These phenomena were also found in the records shown in Fig. 3(a) . It is remarkable in Fig. 13 that the hydrostatic pressure on the vertical wall is larger than that in the cases of the wall-shaped gates of types of GA and GB. For the case where there is no expectation to overflow the gate, the record is shown in Fig. 3(b) , in which the value of ppipg may be less important than the values of p,/pg and /z,.
Additional remarks should be given on the duration characteristics of the shock pressure to decide whether the surge makes destructive action against the wall-shaped gate or not, although the peak pressure of the surge is the most important factor. Based on the numerical results shown in Fig. 11 , the expected peak pressure on the wall is nearly equal to the shock pressure at the time when t=0.1 sec. This suggests that the destructive action of the surge may occur within the duration of shock pressure.
Conculsions
The authors have investigated the method of estimation of the shock pressure of tsunami on a wall-shaped gate under the assumption that the surge on a flat bed can be simulated to tsunami bore in an estuary. The conclusive remarks in this paper can be summarized as; 1) Dynamical characteristics of the surge tip can be estimated by an application of Cross' theory.
2) The peak shock pressure of the surge on a wall-shaped gate can be estimated by Cumberbatch's theory as was done by Cross. For practical purposes, a modification of Cross-Cumberbatch's theory of shock pressure of surge is proposed on the basis of considerations of parabola profile of surge tip. It was concluded that the estimation by the modified theory agrees well with the results of experiment of the variation in the shock pressure of the surge on a wall-shaped gate.
3) Hydrostatic pressure of reflected surge on the wall-shaped gate is generally an important factor as well as the peak shock pressure of the surge on it.
A complete method to estimate the maximum shock pressure of tsunami bore or surge on a wall should be established for practice, refering to the additional results of experiment and the theoretical considerations.
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